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Vibrational branching ratios and photoelectron angular distributions for alternative vibrational levels of C,Hy
X1, have been measured in the range 13 eV <hv <25 eV using synchrotron radiation. Below hv ~16 ¢V,
these data exhibit strong non-Franck-Condon effects, namely, wavelength-dependent vibrational branching
ratios. and vibrational-state-dependent photoelectron asymmetry parameters. Moreover, enhanced excitation
of bending modes of the ion is observed below Av ~ 16 €V, in addition to the C-C stretch mode, which is the
only mode readily observed in photoelectron spectra of C,H, at shorter wavelengths, e.g., at the He1{21.2 eV)
resonance line. The non-Franck—Condon behavior is attributed to resonant photoionization processes, whose
identification is discussed in the framework of several recent theoretical and experimental studies on acetylene

and related molecules.

. INTRODUCTION

Recent experimental'™! and theoretical'®=?® work has
underscored the importance of using vibrational branch-
ing ratios and photoelectron angular distributions as
probes of shape and autoionizing resonances in molecu-
lar photoionization. Both resonant processes induce
large departures of the vibrational branching ratios
from those based on Franck—Condon (FC) factors and
produce photoelectron asymmetry parameters which
depend strongly on the vibrational state of the ion.
These non-FC effects probe the resonant processes in a
more detailed, hence more sensitive way than do vibra-
tionally unresolved studies of partial cross sections and
angular distributions.

In the case of shape rescnances, recent theoretical
predictions!®!? of non-FC effects were quickly verified
experimentally®=® in diatomic cases. As for non-FC
effects caused by autoionization, definitive theoretical
work has only been completed on H, photoionization, 20?3
which, owing to the need for improved wavelength reso-
lution at high flux, has heretofore eluded a direct test
by means of triply differential photoelectron experi-
ments. Experiments on N, #!! 0,,? etc., have how-
ever, produced clear experimental evidence of the type
of non-¥C behavior to expect near autoionization fea-
tures. Moreover, cases have been identified’!521:24:25
in which it is likely that the non-FC effects entail inter-
mingling of shape and autoionizing resonances in the
same spectral range. This more complex, hybrid res-
onant behavior has yet to be treated theoretically.

With this background in smaller molecules, it seems

J. Chem. Phys. 76{9}, 1 May 1982

0021-9606/82/094348-07$02.10

appropriate to extend the study of resonance-induced
non-FC effects in molecular photoionization to larger
polyatomics, for which autocionizing states are univer-
sal, of course, and shape resonances are present in
most molecules. In this paper, we present new data on
C,H,, which represents a logical extension to poly-
atomics as it is isoelectronic with N; and CO, which are
understood rather well. The present experiments are
triply differential photoelectron measurements on the

X 1, state of C,H; over the range 13 eVShv<25 eV.
That is, photoelectron spectra were recorded as a func-
tion of three independent variables—incident wavelength,
ejection angle, and kinetic energy--using synchrotron
radiation and a rotating electron spectrometer with suf-
ficient resolving power to resolve the major vibrational
progression in the X ’Il, state of C,H;. Of particular
interest in C,H, is the broad dip (or alternatively,
double bump) structure in the photoionization spec-
trum?®~% at hy ~14 eV. Recent theoretical®2:22:2%30
and experimental®12~14:30 4ork has addressed the ques-
tion of the nature of the origin of the prominent fea-
ture(s)—shape resonant, autoionization, or some com-
bination—but no consensus exists, even at the qualita-
tive level. The only certainty is that a band of reso-
nant structure dominates the spectrum from the I. P,

to ~16 eV. Indeed, we find major non-FC effects in
both vibrational branching ratios and v-dependent g’s
for the major C-C stiretching mode in this wavelength
range. Moreover, we report previously unobserved
enhancement of bending modes in this same region.
These modes are very weak at shorter wavelengths,
and, in fact, have only recently been observed®! in the
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584 A photoelectron spectrum. Although we are unable
to satisfactorily resolve these modes in the present ex-
periment, our analysis clearly demonstrates that they
become comparable in intensity to members of the
dominant C~C stretch mode below Av ~16 eV. Clearly,
the complete separation and quantitative measurement
of these modes are clear priorities for future high-
resolution work. In the meantime, the data presented
here will help resolve the nature of the structure near
hv ~14 eV by serving as a detailed check of theoretical
work on the dominant C—~C stretch mode. In addition to
presenting these new data, we discuss the various pos-
sible mechanisms for the observed non-FC effects, in
light of recent ideas and theoretical work. Although
certain key elements of the resonant mechanisms have
been satisfactorily established, e.g., the important
contribution of the 20;l 17, autoionizing state, other con-
flicting conclusions remain to be resolved by future
theoretical work, preferably at the multichannel level
so as to take full advantage of the detailed dynamical
information implicit in the triply differential data pre~
sented here and elsewhere, !

ll. EXPERIMENTAL

The apparatus used in this work has been described
in detail elsewhere® and will only be discussed briefly
here. The variable wavelength light was obtained from
a high-aperture 2 m, normal-incidence monochromator®
attached to the National Bureau of Standards (SURF-II)
storage ring. With a 1200 line/mm grating, a virtual
entrance slit (the stored electron orbit) and a 100 p exit
slit, this instrument produced a spectral resolution of
0.4 A FWHM and a flux of 3x10'° photons st A™! at
600 A with a typical 10 mA beam circulating in the stor-
age ring. The ejected electrons were energy analyzed
by a 2 in. mean-radius hemispherical analyzer* op-
erated at a constant resolution of ~110 meV. The ana-
lyzer was calibrated using Ar gas, whose photoioniza-
tion cross section®® and photoelectron asymmetry pa-
rameters®-37 are known in this wavelength range. As
the light from the monochromator was elliptically po-
larized, the differential cross section in the dipole ap-
proximation, assuming randomly oriented target mole-

cules, can be written®?:®3
‘%z(am/éln)[l ++B(3Pcos20 +1)], (1)

where @ is the photoelectron asymmetry parameter, 6
is the photoelectron ejection angle relative to the major
polarization axis, and P={1,~1I)/(, +1,) is the polar-
ization of the light which was measured with a three-
mirror polarization a.nalyzer.” At each wavelength re-
ported here, photoelectron spectra encompassing the

X 11, band of C,H; were recorded at 6 =0°, 45°, and 90°.
At each angle, the spectra were decomposed into vibra-
tional components by means of a nonlinear least-squares
fit to Gaussian line shapes after correcting for the
transmission function of the electron spectrometer and
a small <4% angular correction factor based on the
electron spectrometer calibration. The asymmetry pa-
rameter 3 was then determined for each vibrational
component by means of Eq. (1), and vibrational branch-
ing ratios were determined by comparing the component
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FIG. 1. Photoelectron spectra of C,Hj X °I1, at kv=22.0 eV
and at § =0° and 90°, Both spectra are normalized so that the
maximum counts in the 8 =0° spectra equals 100, The data
points (®) and nonlinear least-squares fit curve (—) are in-
dicated, The amplitudes and positions of the C~C stretch vi-
brational components yielded by the fit are represented by the
vertical solid bars.

intensities at the magic angle § =54.7°, as deduced
from Eq. (1), using the intensities at the measured
angles and the measured g values. The errors quoted
in the next section represent a combination of the un-
certainty of the nonlinear least-squares fit and the de-
gree of agreement between the parameters deduced from
the redundant set of measurements at three angles.

I1l. RESULTS

The crux of the analysis of the present data is the
appreciation that the importance of alternative vibra-
tional modes of the ion can vary drastically in different
parts of the spectrum. In particular, predication of the
analysis on the fact that the previously published He:
photoelectron spectrum®® of the X %1, band of C,Hj ex-
hibits clearly only excitation of the C~C stretching mode
would lead to erroneous analysis of the spectra for av
<186 eV where resonant excitation has been found here to
lead to substantial excitation of other modes, i.e.,
bending modes. In fact, this observation, documented
below for C,H; is probably the rule rather than the ex~
ception for variable-wavelength studies of polyatomics,
for which allowance must always be made for enhanced
excitation of vibrational modes, which have very small
Franck-Condon factors and hence are often difficult to
detect in photoelectron spectra at nonresonant wave-
lengths,

To illustrate this, we show angle-resolved photoelec-
tron spectra of C,Hj X ’II, at A =563.6 & (22.0 eV) and
at A=885.6 A (14.0 eV) in Figs. 1 and 2, respectively.
At hv =22 eV (Fig. 1), a single 0.222 eV vibrational
spacing, corresponding to the C~C stretch mode, ade-
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FIG. 2. Photoelectron spectra of C,H} X °II, at hv=14 eV and

at 8 =0° and 90°. Both spectra are normalized so that the
maximum counts in the 6 =0° spectra equals 100, The data
points (®) and nonlinear least-squares fit curve () are indi-
cated. The amplitudes and positions of the vibrational compo-
nents yielded by the fit are as follows: solid bars, C~C stretch;
clear bars, 0.086 eV bending mode; crosshatched bar, 0.172
eV harmonic of bending mode.

quately describes the observed spectrum. Use of this
single mode, together with a constant peak width of
~120 meV and a background level determined at the ex-
tremities of the data in Fig. 1, results in an excellent
least-squares fit and is in agreement with the He1
photoelectron spectrum.?® (In Fig. 1, the solid line is
the spectrum generated by the least-squares fit and the
vertical solid bars indicate the position and relative
strengths of the members of the C-C stretch progres-
sion.) Below hv =16 eV, however, this analysis pro-
cedure was found to be inadequate: The peak positions
of the higher members of the progression appeared
shifted, the valleys between the peaks appeared to fill
in more than the resolution or background level war-
ranted, and the quality-of-fit parameter degraded sig-
nificantly. The key to this puzzle was supplied by a re-
cent high-resolution, high-sensitivity He1 photoelectron
spectrum®! which indicated the location of previously
unobserved bending modes of the ground state of C,H,
with intensities at the ~1% level. The observed vibra-
tional spacings were 0.036, 0.086, and 0.172 eV, which
might plausibly correspond to a trans-bending mode and
a cis-bending mode and its harmonic. The first of these
is too close to the main C-C stretch progression to be
separated with the resolution of the present experiment;
however, when the 0,086 and 0.172 eV modes were
added to the fitting procedure, the fit quickly converged
with a quality-of-fit parameter equal to the high-energy
(hv>16 eV) fits. The result is illustrated in Fig. 2 for
hv=14.0 eV, where the 0.222, 0,086, and 0.172 eV
vibrational progressions are indicated by solid, clear,
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and hatched bars, respectively. Again, the vertical
bars indicate the spectral position and relative intensi-
ties of the various vibrational components, and the solid
line is the spectral shape of the band generated by the
least-squares fit. In comparing Figs. 1 and 2, note
particularly the reduced peak-to-valley ratio and the
shift of the experimental peaks away from the C-C
stretch components in Fig. 2. The cause for the
changes in the spectral shape and peak positions is
clearly attributable to the enhanced excitation of the
bending modes in the low-energy portion of the excita-
tion spectrum. In fact, transitions involving resonant
excitation of bending vibrations become comparable to
or even dominate higher members of the main progres-
sion at certain wavelengths. Another qualitative ob-
servation made clear by Figs. 1 and 2 is that the lower-
energy spectrum is more isotropic than the higher-
energy spectrum, i.e., has a lower g value.

In Figs. 3 and 4, we present the spectral variation of
the vibrational branching ratios and v-dependent §’s for
the dominant C~C stretch mode of C,H; X 1, in the
range 13 eVEhr<$25 eV, Although Fig. 2 demonstrates
the importance of the bending modes for 7iv<16 eV, the
branching ratios and £’s deduced from the least-squares
fit were not of sufficient quality to clearly establish the
spectral variation of these parameters in the v <16 eV
region, where they were excited with appreciable inten-
sity. That is, they were usually of less statistical
quality than the v, =2 C~C stretch data in Figs. 3 and
4, Also, they are excited almost exclusively by reso-
nant excitation and tend to vary more sharply than the
FC-allowed C-C stretch mode. Hence, they should be
mapped on a finer energy mesh. Therefore, we confine
further discussion of resonance effects to the stronger
C~C stretch mode, whose analysis has nevertheless
been improved by including the bending frequencies in
the fit for hwv<16 eV. We stress, therefore, that future
higher -resolution work remains to be done for hv<16
eV to completely characterize the photoionization dy-
namics of this transition in C,H,.

Focusing on the spectral behavior of the C-C stretch
mode (referred to simply as v,=0, 1, 2 from now on)
in Figs. 3 and 4, we can make the following general ob-
servations. First, in Fig. 3, the vibrational branching
ratios exhibit different profiles in the ~v <16 eV region
and converge to constant values for hv>16 eV. Thus,
they exhibit non-Franck—~Condon behavior below hv
=16 eV, and FC behavior above. For example, the v,
=0 curve exhibits a local dip at #v ~13.8 eV, whereas
the v, =1 and 2 curves show an enhancement; and the
v, =0 is enhanced near hv =15 eV, at which energy the
vy =1 curve dips and the v, =2 curve stays flat. Second,
the spectral variation of the non-FC branching ratios in
Fig. 3 are generally similar to the spectral variation
of the “peak” intensities reported by Unwin et al., 12
however, the present branching ratios are believed to
be representative of a simple C~C stretching mode (with
some admixture of the weak 0,036 eV bending mode),
since we have separated it from the other vibrational
modes which we have determined to be non-negligible
in this spectral range. The v, =1 and 2 data of Unwin
et al.®'? could be expected to be affected by this consid-
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eration. Above hv ~16 eV, where the excitation of bend-
ing modes and other manifestations of resonant excita-
tion are no longer apparent, our branching ratios agree
well with those measured by Kreile, Schweig, and
Thiel®’ at the Ne1 (16,67 and 16.85 eV), Her (21,22

eV), and Ne 11 (26, 81 and 26,91 eV) resonance lines,

and with branching ratios derived from FC factors®®°
(v,=0,0.69, v,=1,0.21, v,=2,0,09). Third, in Fig.

4, the v,=0and 1 8 curves show a distinct broad dip to
below =0, centered at 7y ~14.25 eV and kv ~14.5 eV,
respectively, while the v, =2 curve fluctuates near 8
=0, although the statistical uncertainty prohibits a clear
picture of the variation of v, =2 for v <16 eV. Keep in
mind that peaks with small FC factors like v,22 and the
bending modes will tend to be populated mainly by reso-
nant processes and, hence, may show much sharper
variation within Rydberg series than do the FC-allowed
channels. Fourth, all three 3 curves in Fig. 4 rise at
higher energy with grossly similar spectral shape,
within error limits, to a value near 8~1. Note that
photoionization of the 1m, level of N, and the 17 level of
CO, both isoelectronic with C,H,, also result in a vi-
brationally summed B, which exhibits a general rise
from 3=0 to B~1 over the same kinetic energy
range.*""# This rough correlation among similar or-
bitals in the three isoelectronic molecules for the non-
resonant part of the spectrum seems reasonable. Fifth,
comparison of our 8 values with the resonance line work
of Kreile, Schweig, and Thiel®* confirms the overall ac-
curacy of the independent measurements: The agree-
ment is excellent at all overlapping wavelengths, even
at Arir (13.30 and 13. 48 eV), for which comparison is
hazardous owing to differences in photon bandpass and

the failure to take bending vibrations into account in
Ref. 30, Furthermore, measurements at the Ne 11
(26.8 and 26.9 eV) and He 11 (40. 8 eV) resonance lines
give (roughly v, independent) S values of ~1,4 and ~1.86,
respectively, indicating that the trend observed above is
continued to higher energy.

IV. DISCUSSION

The main issue to be resolved enroute to the eventual
full multichannel analysis of the present data is the na-
ture of the resonant excitation mechanism(s) which in-
duce the non-FC behavior reported here. For instance,
to what extent do autoionizing or shape resonances, or
a hybrid of both, contribute to the non-FC effects, and
what are their symmetries and spectral locations? Such
a mechanistic picture is essential in order to carry out
a realistic model calculation of even the gross structure
in the triply differential results presented in Figs. 3
and 4. Unfortunately, although several theoretical
studies have dealt with aspects of this problem at the
single channel level, no unified interpretation emerges.
Rather, two overlapping, yet substantively differing pic-
tures can be identified. Moreover, the present data
cannot yet be used to resolve the outstanding differences
since the theoretical work has not incorporated channel
interaction into a vibrationally and angularly resolved
treatment. Hence, for now, we can only summarize
briefly the two points-of-view, in turn, for later testing.

One plausible interpretation of the 13 eVShv<16 eV
region of the C,H, photoionization spectrum can be de-
rived from the following composite of recent experi-
mental and theoretical evidence: First, recent studies
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of the photoionization spectrum of C,H,, by photoioniza-
tion mass spectrometric methods, 2*~2° reveal two broad
intense peaks at 930 A (13.33 eV) and 810 A (15,31 eV)
with some superimposed weak, sharp Rydberg structure
starting at 870 A (14.25 eV) and continuing to shorter
wavelength. The nature of the two strong bands is the
major object of this discussion. Second, recent theo-
retical photoionization calculations®® at the Hartree-
Fock level account for only a nonresonant background in
this region of the photoionization spectrum of C,H,, in-
dicating that the two intense peaks are not accounted for

in a single-channel description of the 17, photoionization
channel, and in particular, that they do not seem to
arise from shape resonances in the dipole-allowed 17,

- €0,, €71, or €, one-electron continua. This is not
surprising in view of the following point. Third, shape
resonance-enhanced features in the isoelectronic mole-
cules N, and CO occur in the 7, and o, final-state sym-
metries (see, e.g., Refs. 16-18, 43-50). This is most
clearly seen in the K-shell spectra, ®~4+4" in which an
extremely intense 7,(*) peak lies below its respective
ionization threshold and a o, shape resonance lies ~10
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eV above the I. P, Each is resonantly enhanced by a
centrifugal barrier acting on the =2 component of the
7, state and the =3 component of the o, continuum. In
applying this information to C,H,, allowance must be
made for the dependence of shape resonances on the
molecular field, including changes of nuclear types and
geometry. Fourth, very recent ab initio molecular or-
bital calculations®® have shown that two intense transi-
tions converging to the 30;! %=, (16.36 eV) and the
20712z, (18.38 eV) states of C,H; are expected to lie at
the approximate locations of the two observed strong
peaks. These transitions are of the type 30, ~ 30,(0%)
and 20, - 17, (7*) and are expected to be broad owing to
strong geometry changes in the excited states. This re-
cent study also made plausible assignments of the Ryd-
berg structure in this region.

Based on these results, the following picture emerges:

The strong broad feature at 810 A (15.31 eV) corre-
sponds?? to the transition 20,~ 17,(7*) to an autoionizing
valence state converging to the 20,]1 x, state of the ion.
Its large oscillator strength (theoretical value?® =0, 429)
and the absence of significant Rydberg structure in the
same channel, indicates that the final state is (shape)
resonantly enhanced by a centrifugal barrier associated
with the =2 component. This is consistent with the
behavior of the isoelectronic molecules N, and CO, as
stated above, and is also verified by the carbon K-shell
spectrum® of C,H,. The 930 A (13,33 eV) feature is
likewise broad and somewhat less intense (theoretical
oscillator strength?®=0.1623). It has been assigned®
to the transition 30, — 30,(0*) associated with the second
electronic state of the ion C,H; 30;1 ’%,. It is doubtful
that this transition’s strength is caused by shape reso-
nant type enhancement since, in the isoelectronic mole-
cules N, and CO, the ! =3 shape-resonant activity oc-
curs ~10 eV above the respective I. P, This mechanism
of enhancement cannot be ruled out without direct theo-
retical evidence, however, since changes in nuclear
types and separations and in electron correlation within
the 307! 30, configuration could alter the location of the
resonant activities relative to that in N, and CO. The
carbon K-shell spectrum51 is not definitive in this case,
since prominent features below and just above threshold
and a very weak broad feature ~15 eV above threshold
have yet to be definitively assigned. Much of the sharp
Rydberg structure in this region has been accounted for
by means of npm, and npo, Rydberg states?® converging
to the 3(7;,1 2}3! state of the ion. As we do not resolve this
structure in the present work, we will not discuss this
fine structure further.

Against this background, we can now compare and
contrast recent results by Langhotf ¢t al.'? based on
“vertical electronic, separated-channel, static exchange
approximation” calculations employing L? computational
methodology in conjunction with the Stieltjes—-Tcheby-
cheff moment theory: First, this calculation also iden-
tifies a 20, ~ 17, (7*) transition at sv =15.54 eV, with a
very large oscillator strength, f=0,8036. Thus, both
recent theoretical calculations place an extremely in-
tense 20,~ 17,(r*) transition very near the 810 A (15.3
eV) feature in the total photoionization spectrum. When
this is combined with supporting evidence from spectra
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of N, and CO, cited above, we can conclude that this
(shape) resonantly enhanced autoionizing state is a well-
established element of the interpretation of this region
of the C,H, photoionization spectrum. Second, this cal-
culation places the 3o0,—~ 30,(0*) transition just above the
30, ionization threshold rather than near hv~13.9 eV as
in Ref. 29, This would result in little contribution from
this transition to the non-FC effects below hv~16 eV.
Some support for this is provided by the 30, partial
cross section'? which exhibits a broad peak near thresh-
old. On the other hand, Langhoff et al.'? report a 30,

- 3po, transition to a Rydberg state at /v =13.66 eV,
with an f number of 0.1480. This is close to the 30,

- 30,(0*) transition reported in Ref, 29 in both f number
and spectral location. This may be merely a termi-
nology problem resulting from differences in the theo-
retical approaches used. In any case, both works in-
dicate a fairly strong transition in the vicinity of the
930 A peak in the total photoionization spectrum, which
can be expected to have a major impact in that region of
the spectrum, although its potential contribution is not
explicitly pointed out in Ref. 12. Third, the 17,— €0y,
€n,, and €6, continua are found in Ref. 12 to account for
the average strength of the 17, partial cross section,
with the double hump structure manifesting itself as a
modulation about this average due to channel interaction.
This suggests very strong, destructive interference be-
tween intense autoionizing features and the underlying
continuum, whereas the interpretation described earlier
suggests two strong autoionizing features interacting
more weakly with a smaller nonresonant background.
This is a significant point of disagreement, both in
terms of interaction strength and oscillator strength.
Fourth, Langhoff et al.!? suggest a possible contribu-
tion of a 20,~ 40,(0*) transition at kv~17.68 eV with an
f number of 0.1551 to the non-FC effects; however, the
main non-FC behavior is confined to lower excitation
energies, so that the data do not confirm this suggestion
in any simple direct way.

Hence, the sum of recent experimental and theoreti-
cal evidence results in an unsettled picture in which
certain key elements have been clarified, but other im-
portant discrepancies remain. The main interpretive
progress is that two strong autoionizing transitions 2¢,
~ 17,(*) and 30, ~ 30,(0*) or 3po, are major contributors
to the non-FC effects in the 13 eV hr <16 eV region of
the C,H, spectrum, and that the 17 (s*) is resonantly
enhanced by the action of a centrifugal barrier on its
=2 component. Otherwise, shape resonance effects
appear to be absent.

Obviously, further experimental and theoretical work
is needed to produce a complete analysis of the photo-
ionization dynamies of CyH, in this spectral range. For
example, a critical test of the tentative ideas discussed
above would involve realistic calculations of the triply
differential results presented in Figs. 3 and 4. Such
spectrally, vibrationally, and angularly resolved photo-
electron spectra constitute a very detailed probe of the
photoionization dynamics, and necessitate a more pre-
cise modeling of the process than do total photoioniza-
tion cross sections. On the experimental side, two im-
portant improvements must be made to further clarify
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our understanding. First, measurements on a finer
wavelength mesh and with improved resolution would
help separate the effects of Rydberg structure from the
gross behavior of the two main features. In Figs. 3 and
4, some localized fluctuations may, in fact, result from
hitting autoionizing features. Second, measurements
with higher electron kinetic energy resolution are
needed to document the branching ratios and angular dis-
tributions for the enhanced excitations of bending modes
for hv<16 eV, which we were able to detect but not map
out. Such comments are sure to apply to other studies
of polyatomic molecules, whose detailed study, at the
level reported here has just begun. The ongoing, rapid
progress in similar studies at synchrotron light sources
will no doubt make rapid strides in this direction.
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